For composites, it is possible to control their effective thermal conductivity through selecting the component materials and designing the structure. For this purpose, a computer system that can help a designer to find the optimum solution of materials and structure is necessary. In this work, we have developed a high-speed and light-weight thermal conductivity evaluation engine, basing on analytical solutions of effective thermal conductivity of composites. A package of calculation modules corresponding to the analytical solutions for different structure models is developed. As input data, the constitution of a composite is described by a file in XML data format. The engine analyzes the file, recognizes the structure model, and automatically selects a proper calculation module for the composite. The evaluation engine is connected to a materials database, which is used to stores and provides information of component materials. The calculation result of a designed composite can also be stored in the database for sharing and reusing. This system is expected to be used as an effective decision support tool for composites design.
Introduction
In most physical and chemical processes, heat transfer and temperature change occur. Thus, thermal conductivity, a fundamental property that dominates a material's behavior in heat and temperature transferring processes, must be taken into account, when the material's applicability is evaluated, especially for materials used as electronic devices, space materials, energy materials, etc.
For composites, it has been found that the effective thermal conductivity depends on the thermal conductivity, volume fraction and geometric distribution of each component. Therefore, it is possible to control the effective thermal conductivity of a composite through selecting the components and designing the structure. To help a designer to find the optimum solution, a computer system that can (1) predict the thermal conductivity of a designed composite; (2) show the tendency of thermal conductivity changing with the change of constitutional parameters; (3) store abundant information of candidate materials, is necessary.
In this work, we have developed a thermal conductivity prediction system, which is featured by a high-speed and light-weight calculation engine, and with capability to store and provide large amount of materials information.
Thermal Conductivity Evaluation Methods
The thermal conductivity of a composite can be calculated by solving the heat conduction equation kr 2 T ¼ 0 and q ¼ ÀkrT, where k is the thermal conductivity, q is the static heat flux and T is the temperature. There are two ways to resolve this problem, numerical method and analytical method.
Almost all of the software products for resolving heat transfer problem are based on numerical method such as finite difference method (FDM) and finite element method (FEM). A numerical method focuses on analyzing the heat transfer and temperature distribution inside a specific composite. If any change of the constitution, such as volume fraction or geometry of a component, happens, the solution becomes invalid.
However, it is inconvenient to use a numerical method to study how the thermal conductivity changes with the change of constitution, because the designing and analyzing for each composite cost long time. And if we want to deal with a composite in which the dispersion phase are randomly distributed, the computing complexity of numerical analysis may become very high, which even makes this method impracticable.
Starting from Maxwell 1Þ and Rayleigh, 2Þ many theoretical studies 3ÀÀ10Þ have been done to analytically resolve the problem of conduction in heterogeneous materials. The law of mixtures, effective-medium theory 3ÀÀ6Þ and equivalent inclusion method 7;8Þ have been widely adopted as effective methods of thermal conductivity evaluation for composites.
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An analytical solution is usually deduced basing on one structure model, which usually includes some simplification, for example supposing the shape and size of dispersions are the same, and the distribution is uniform. An analytical solution can be applied to any composite as long as the structure model is valid. For example, a model of spherical dispersions will keep valid regardless the radius and density of the dispersion.
The basic structure models of composites are shown in Fig. 1 . Generally, they can be divided into two categories: laminate composite and dispersion composite. For dispersion composites, according to the orientation of dispersion, they can be divided into three types: one dimensional (1D) orientation, two dimensional (2D) orientation and three dimensional (3D) orientation. The geometry of a dispersion can be approximately represented by an ellipsoid with semiaxes of a, b and c, as shown in Fig. 2(a) . When a ¼ b ¼ c, it represents a sphere; and when c tends to infinite, it represents an elliptical cylinder. The orientation of a dispersion is specified by two angles and ' as shown in Fig. 2 
(b).
According to the maximum and minimum values of and ', we may judge which type the dispersion composite is.
Analytical solutions express the effective thermal conductivity of composites as a function of the constitutional parameters, so it is an important guidance for optimization of constitution. Table 1 shows the constitutional parameters that affect the thermal conductivity in the case of laminate and dispersion composites, respectively.
The computing complexity of thermal conductivity calculation based on analytical solutions is much lower than that of numerical analysis, so it costs much less time. For commercial software of numerical analysis, it usually takes 20 to 30 minutes or even longer to solve the heat conduction equation, and then another process calculating the thermal conductivity is necessary. While with this system, the calculation of thermal conductivity can be finished within 1 second.
However, for different structure models, there are different analytical solutions. So we can not expect one calculation module being able to be used for all of the composites. In this work, a package of calculation modules has been developed, which includes the analytical solutions for all of the basic structure models in Fig. 1 . The analytical solutions included in the package and their corresponding structure models are listed in Table 2 .
Description of Constitution and Properties of Composites
To be able to select a proper calculation module for a composite, the evaluation engine must recognize its structure model. An input data file with indication of the structure model as well as the data of constitutional parameters is necessary.
Files in XML data format is used as input and output files. A XML file can be easily processed by a computer, and it is also a human-readable text file, which can be edited with any text editor. Table 3 shows an example of the input and output files. The name of a data item is written as a tag, for example, hvolumeFractioni. The value of the item lies between the start and end tags, for example, hvolumeFractioni 0.4 h/volumeFracioni. The thermal conductivity for each temperature point is expressed by three components (k11, k22 Geometry (a, b, c) of dispersion;
Orientation (maximum and minimum value of and ', respectively) of dispersion;
Thickness of interface between matrix and dispersion;
Thermal conductivity or thermal conductance of the interface. and k33) along the axes of coordinates shown in Fig. 1 . An input file only specifies the value of temperature, and leaves the values of thermal conductivity empty. After calculation, the calculated values are automatically inserted into the file. A structure analyzer is developed to analyze the input XML file, recognizing the structure model, reading in the parameters, and selecting a proper calculation module according to the constitution described.
Materials Database
A materials database has been built inside this system, which can store abundant information of materials. It is helpful for users to find appropriate materials when design a composite, and provide the evaluation engine with the data required in calculation, such as thermal conductivity of components. The output files of the evaluation engine can also be saved in the database, so that the knowledge of composite design can be accumulated, and shared and reused by other users.
System Architecture and Flow Chart
The architecture of this system and flow chart of thermal conductivity calculation is shown in Fig. 3 . The system is mainly composed by three parts, a structure analyzer, a package of calculation modules and a materials database.
An input XML file that describes the constitution of a composite is firstly analyzed by the structure analyzer, which recognizes the structure model, reads in the constitutional parameters, and selects an appropriate calculation module from the package. If the thermal conductivity of any component is not specified in the input file, the structure analyzer queries the materials database to get it. After that, the thermal conductivity is calculated by the selected calculation module with the constitutional parameters. After calculation, the value of thermal conductivity is inserted into the XML file, and if the user want, it is saved to the database.
Decision Support for Composites Design
The system described above is expected to be used as an effective tool for designing a composite with expected thermal conductivity. Figure 4 shows an example of visualized calculation results for dispersion composites with 1D orientation. From it, we can clearly see how the effective thermal conductivity changes with change of the thermal conductivities of the components and the geometry of the dispersion.
Conclusion
A thermal conductivity prediction system for composites has been developed based on analytical solutions of heat conduction equations for heterogeneous materials. The system is featured by a high-speed and light-weight calculation engine, and a built-in materials database.
Our future work includes developing a web based user interface for materials selection and structure design, and making this system accessible from the internet, so that it can be used as a convenient and effective decision support tool for design of composites. Fig. 2, and with a ¼ b. Kd and Km are thermal conductivities of dispersion and matrix respectively. Keff3 is the effective thermal conductivity along the x 3 axis in Fig. 1(b) , and Keff1 perpendicular to it.
